In his review of chemical transmission in invertebrate central nervous systems and neuromuscular junctions, Gerschenfeld (1973) reminded the more anthropocentric physiologist that to date 'the molecules involved in chemical transmission and their mechanisms of actions on membranes are the same in both vertebrates and invertebrates'. One such molecule is L-glutamate, an acidic amino acid that mimics the natural transmitter at excitatory and (possibly, also) inhibitory synapses in central nervous systems of vertebrates and in central and peripheral nervous systems of invertebrates.
Proposals that ubiquitous amino acids such as L-glutamate might function as chemical messengers between excitable cells have often been criticized, but from the evolutionary viewpoint they have some appeal. There is evidence, albeit tentative, that unicellular aquatic organisms sequester amino acids from their environment, a process which seemingly involves specific membrane receptors for these compounds. Amino acids are also known to be potent inducers of endocytosis in unicellular animals (e.g. Amoebaproteus), which is thought to involve selective membrane-mediated processes (Chapman-Andresen, 1962 , 1965 . According to Wander & Hilgard (1975) , these processes involve receptor-binding sites, some of which specifically bind L-glutamate. The presence of membrane receptors for L-glutamate might endow unicellular organisms with the ability to respond, in a locomotory sense, to this amino acid, thus perhaps heralding the development of glutamate chemosensitivity in effector cells in some extant metazoan animals. It could be argued, therefore, that the evolution of synapses using amino acids such as L-glutamate is more easily envisaged than the evolution of synapses at which rarer compounds such as acetylcholine and adrenaline are used as chemical messengers.
Vol. 5 BIOCHEMICAL SOCIETY TRANSACTIONS
Coelenterates are the simplest multicellular animals possessing a recognizable nervous system. These animals probably use a variety of neurotransmitters including L-glutamate. Steiner (1957) showed that glutamate applied on filter paper to the mouth and tentacles of sea anemones produced mouth-opening, which led Ross (1966) to propose that receptors for this amino acid might occur in chemosensitive cells on the body surface. Other glutamate receptors probably occur at synapses on the myoepithelial cells of sea anenomes (Carlyle, 1970 (Carlyle, , 1972 (Carlyle, , 1974 .
In view of the small number of investigations of echinoderm, platyhelminth, nematode and annelid nervous systems, it is not surprising that there are few reports of glutamate synapses in these animals. Perhaps now that glutamate is generally accepted as a neurotransmitter this will be rectified.
Of the amino acids known to participate in synaptic transmission only L-glutamate has been postulated as a transmitter in the molluscan nervous system (see Gerschenfeld, 1973) , although L-aspartate might also serve a neurotransmitter role (Piggott et al., 1975; Yarowsky & Carpenter, 1976) .
The most compelling evidence for a synaptic transmitter role for L-glutamate in invertebrates has emanated from studies on arthropod nerve-muscle preparations (see reviews by Gerschenfeld, 1973; Usherwood & Cull-Candy, 1975; Lunt, 1975; Buu etal., 1976) . Although it is not yet necessary to review this evidence anew, it would be improper not to mention the studies of glutamate 'noise' at insect and crustacean nervemuscle junctions (Crawford & McBurney, 1975 , 1976 Anderson et al., 1976) . It has been shown that the 'noise' generated by L-glutamate at crab and locust nervemuscle junctions is identical with that produced by the natural transmitter, whereas the 'noise' generated by glutamate agonists such as quisqualic acid has different characteristics.
Structure-activity studies indicate the existence of a wide variety of glutamate synaptic receptors in invertebrates. The marked differences in responsiveness of invertebrate preparations to kainic acid (Table 1 ) and glutamate esters clearly point to this conclusion. For a summary of structure-activity studies of glutamate receptors on mollusc neurons and on nerve and muscle cells of other invertebrates, see a review by Buu etal. (1976) . It isclear that someglutamatereceptorscombinewith afoldedconformation of glutamate, whereas others combine with the unfolded conformation, which accounts for some of the differences in structure-activity properties.
Shank & Freeman (1975) have proposed that aspartate and glutamate are both released from lobster motor-nerve terminals and act synergistically on the postsynaptic membrane, with aspartate increasing the affinity of the postsynaptic receptor for L-glutamate. Perhaps transmission at primitive amino acid synapses involved a nonspecific release of these compounds from presynaptic nerve terminals without prepackaging into vesicles. A mosaic of binding sites for the different amino acids on the postsynaptic membrane would be required to transduce the information carried by these compounds. Amino acid-binding sites in mosaic array are known to occur in most cell membranes in connexion with amino acid sequestration by cells. Since L-glutamate and L-aspartate occur in high concentrations in most neurons (i.e. 1 mM or greater), it seems necessary to question the proposed role of synaptic vesicles in transmitter storage and release at synapses where these amino acids are the neurotransmitters.
Most arthropod nervemuscle junctions that have been studied to date are located either deep within clefts or they are sandwiched between muscle fibres (Rees & Usherwood, 1972; Atwood, 1976) . In addition, the terminals of the motor axons are usually accompanied by glial cells which, together with the muscle, sequester L-glutamate. It is difficult, therefore, to obtain reliable quantitative pharmacological information from such synapses. However, in some insects the terminal regions of the motor axons are naked and lie on the surface of the muscle cells such that the basement membrane is the only barrier which faces drugs seeking access to postsynaptic receptors (Osborne, 1967 (Osborne, ,1975 . It is perhaps to nerve-muscle preparations from these insects that future studies should be directed.
There is a possibility that some of the responses to glutamate and other acidic amino Another population 'operates' ionophores for chloride. Mollusc neurons also exhibit a variety of ionic-conductance changes in response to a glutamate challenge, which involve Na+ or K+ or CI-or a combination of any two of these ions. Log-log dose-response curves with limiting slopes of approx. 2 have been obtained from locust and crayfish nerve-muscle preparations during bath application of glutamate and glutamate iontophoresis (Walther & Usherwood, 1972; Dudel, 1975a) , suggesting the interaction of two or more glutamate molecules with the receptor gating synaptic current. By using high-resistance electrodes for glutamate iontophoresis, Dudel (19756) has obtained limiting slopes for log-log plots of 4-6 for dose-response data from crustacean nerve-muscle synapses.
There is evidence from a variety of sources that glutamate acts presynaptically as well as postsynaptically at some invertebrate synapses (Machili & Usherwood, 1966 Florey & Woodcock, 1968; Dowson & Usherwood, 1972; Colton & Freeman, 1975) . However, it remains to be established whether glutamate receptors occur in the presynaptic membrane of nerve terminals.
Inactivation of transmitter action at supposed glutamate synapses in both invertebrates and vertebrates can be provided for by high-affinity uptake systems for this amino acid (Iversen, 1977) . However, it is doubtful whether glutamate is inactivated in this way at all glutamate synapses. Anwyl & Usherwood (1975) have shown that the Qlo for the decay-time constant of the postsynaptic current recorded from locust excitatory nerve-muscle synapses averaged 1.6 between 10 and 20°C, suggesting that the termination of transmitter action may be mainly by diffusion. The lack of effect of Vol. 5 glutamate-uptake inhibitors on the decay-time constant of the postsynaptic current seeminglysupports thiscontention. Calculations ofdiffusion time (Eccles & Jaeger, 1957) for glutamate from a point source in the centre of a locust synaptic cleft, based on cleft dimensions and synaptic morphology (derived from electron micrographs of locust synapses), indicate that free diffusion of transmitter from the synaptic cleft could amply account for the time course of the synaptic current, i.e. the duration of action of neurally released transmitter on the postsynaptic membrane. This does not necessarily imply that a high-affinity uptake system for glutamate is absent from these junctions. Indeed studies by Faeder & Salpeter (1970) and Faeder et al. (1974) suggest that such a system does exist. Perhaps it functions to sequester transmitter which had diffused out of the synaptic cleft into extrasynaptic space.
Putative glutamate receptors have been isolated from locust (Lunt, 1973) To test the hypothesis that a substance such as acetylcholine is a synaptic neurotransmitter it is necessary to demonstrate (a) that acetylcholine is released from the synaptic terminal by the nervous impulse and (b) that when applied to the synapse, the action of acetylcholine both mimics that of the natural transmitter and is affected by pharmacological agents in the same way as the natural transmitter. Detection of the synthetic enzyme choline acetyltransferase and the presence of acetylcholine in a bound form provide additional corroborative evidence, but are not in themselves critical determinants. The collection of transmitter released by nerve stimulation and the direct application of putative transmitters and drugs, techniques which have been applied successfully to peripheral synapses, are often difficult to apply to synapses in the central nervous system. Invertebrate central neurons, which can be identified from preparation to preparation by their electrophysiological, pharmacological and biochemical properties, are contributing substantially to our knowledge of synaptic transmission (Gerschenfeld, 1973; Kehoe & Marder, 1976 ). This discussion is confined to some of the better documented examples of invertebrate synapses for which evidence has accumulated to suggest that acetylcholine is the likely neurotransmitter.
Arthropods
Various components of a cholinergic system have been detected in crustacean nervous systems (Gerschenfeld, 1973 ; Treherne, 1966) . Florey & Biederman (1960) noted that the acetylcholine in crab cheliped nerves was restricted to sensory fibres. Later Florey ( 1973) demonstrated that acetylcholine could be collected from perfused, eserinized crab thoracic ganglia in response to sensory stimulation. Considerable evidence has accumulated that is consistent with a transmitter role for acetylcholine in sensory neurons of the lobster Homarus americanus. Incubation of an abdominal ganglion with [methyl-14C] choline resulted in the appearance of radioactive acetylcholine in only the first and second ganglionic roots (which contained both sensory and efferent axons) and not in the third root, which contained only efferent fibres (Hildebrand et al., 1971) . In subsequent studies (Barker et al., 1972; Hildebrand et d., 1974) it was shown that several peripheral sensory structures incorporated radioactive choline into acetylcholine and that the distribution of the enzyme choline acetyltransferase paralleled that of sensory neural elements. Choline acetyltransferase activity was determined in isolated VOl. 5
